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INTRODUCTION

Breast cancer is the most common malignancy diagnosed in American women. Even with mmproved
technology for early detection and aggressive therapeutics, most often the disease is incurable once it is
discovered. We believe that prevention rather than therapy is the desired future against cancer, and that
innovative approaches and new technology will be the key to breakthroughs. Towards this, our
laboratory has been studying how developmental alterations to the mammary gland can program
against this cancer. More specifically, we have demonstrated that prepubertal only, and prepubertal
plus adult, exposure(s) to dietary genistein, a phytoestrogen component of soy, confer(s) a long-term
protective effect against dimethylbenz(a)anthracene (DMBA)-induced mammary cancer in rats (1).
Consistent with our findings are epidemiological reports that Asian women exposed to a diet high in
soy during adolescence have a lower incidence of breast cancer (2, 3). We have hypothesized that
genistein exerts its chemopreventive actions by postnatally programming developmental modifications
to genes/proteins that render the mammary gland less susceptible to cancer. The objective of this
proposed rescarch was to identify regulatory proteins responsible for conferring breast cancer
protection using innovative aims and technology.

BODY

Specific Aim 1) To identify proteins that are differentially expressed in mammary glands of rats
treated + the carcinogen, DMBA, and the chemopreventive agent, genistein.

Summary of Results for Tasks a-c and f-h.

Female Sprague Dawley rats were treated prepubertally with genistein and we investigated the
proteome in mammary glands of 21 and 50 day old animals (Fig. 1 of Rowell et al. J. Nutri. 135:
29535-29598S, 2005). Mammary glands were subjected to 2-D gel separation and then the stained gels
were scanned via a BioRad flat bed densitometer and analyzed with the Progenesis (nonlinear) 2-D gel
software system. Differentially regulated protein spots were excised from the gels, destained and
prepared for tryptic fragmentation. Tryptic digests of each protein were analyzed using a Voyager
MALDI TOF and the spectra produced were matched against a non-redundant protein database using
MASCOT to determine the protein’s identity. Statistical methods were those specifically developed for
analysis of protein spots on 2-D gels (Rowell et al. I. Proteome Res. 4: 1619-1627, 2005). One protein,
GTP-cyclohydrolase one (GTP-CH1) was confirmed as being significanily up-regulated at d 21 by
immunoblot analysis (Table 1 and Fig. 2 of Rowell et al. J. Nutri. 135: 29538-29598, 2005). GTP-CH1
is the rate limiting enzyme in the production of BH4. The latter is an essential cofactor for the
enzymes of catecholamines and nitric oxide syntheses. Catecholamines can signal through membrane-
bound adrenergic receptors to affect differentiation and development of cells. However, in the 21 day
old animals we found no significant changes in BH4 or of iNOS protein expression. Investigating
down-stream signalmg from GTP-CHI, we found that tyrosine hydroxylase was up-regulated and
vascular endothelial growth factor receptor two (VEGFR2) was down-regulated in mammary glands of
50 d old rats treated prepubertally with genistein (Fig. 5 and 6 of Rowell et al. J. Nutri. 135: 2953S-
29598, 2005). Notably, this change in protein level at 50 days occurred in the absence of the original
effector, genistein, and was present even thought the significant difference in the level of GTP-CHI no
longer existed. This and previous work suggests that early prepubertal exposure to genistein enhances
cell proliferation by up-regulating GTP-CHI1 and the epidermal growth factor (EGF)-signaling
pathway, and hence cell differentiation and gland maturation (Fig. 8 of Rowell et al. J. Nutri. 135;
29538-29598, 2005). This unique developmental maturation leads to a new biochemical “blue-print”
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whereby the ceils have reduced EGF-signaling and VEGFR2 that render the mature mammary gland
less proliferative and less susceptible to cancer.

Tasks d. Using 2-D gels we had determined that guanine deaminase was down regulated in 75 day old
rats exposed on day 50 to DMBA. However, this did not confirm by western blot analysis. No change
in protein profile was found at day 100. Hence this identification was a false positive.

Task e. No significant histologic differences were reported in mammary glands of 75 and 100 day old
rats treated with DMBA at day 50. This confirms that the DMBA effect is not manifested at the
morphology level so soon. Unfortunately, there was no mammary interstitial fluid biomarkers (Aim 2)
to correlate with (the lack) of change in histopathology at these early ages.

Task i. The 2004-2007 AACR meetings were attended.

Task j. A technical paper describing our laboratory and statistical methods was published in Journal of
Proteomics and the data on genistein mechanism of action in the mammary was published in Journal of
Nutrition. PDF files of both manuscripts are attached.

Specific Aim 2. To collect proteins from interstitial fluid surrounding mammary glands of rats,
and to identify and characterize the major proteins that are modulated by DMBA and genistein,

Perfusion

outet % Perfusion Task a) Design and build microdialysis probes. We have built
' ‘\\ ’ k‘”"ef FS capillary (75 OUI OWD probes using 30 kd and 400 kd membranes (Figure
E:'/'SS %?ﬁ'gga.% ’*l‘, L um id; 150 um 1).

is0umod) ([ < 1od Tasks b-f) Treatment of rats and interstitial fluid collection.
N : Animals were treated with genistein or control diet and then
PE 10 tubings. | with DMBA at day 50, and microdialysis probes were
(280 umid; : implanted in the mammary glands of these rats. However,
Sloumod) i T (Epoxy fluid collection was not reliable. With some probes (50%) we
: : were able to collect up to 50 ul fluid. With 30% of these
: probes, we collected 15 ul to 25 ul of fluid, and with most

) probes there was no success (50%).
: Task g) Interstitial fluid dialysates subjected to 2-D gel
e a0 | electrophoresis _and LC-MS/MS for protein analysis _and
od MWCO: : : identification. Using 30 kd cut-off probes, we had very low
ng‘?ggo‘” P (zero to 30 ug/ml) protein yields from collected samples. Spot
Figure 1 intensity from 2-D gels was too weak to proceed to mass

spectrometry. From the 400 kd cut-off probes, we encountered
problems with the probes yielding low protein yields, possibly from “clogging-up”. In those filtrates,
the protein yield was very variable and when evaluated via 2-D PAGE, most of the proteins were
located in the region of albumin. Albumin depletion via “albumin removal kits” resulted in
nondetectable protein content in the supernatant. Finally, we purchased membrane probes from
Bioanalytical Systems, Inc. These were MF-7026 ultrafiltration probes, with molecular weight “cut-
off” of 30,000. With these commercially available probes, we had similar results i.e., low filtrate
volume and undetectable protein concentration. We are not aware of larger cut-off membrane probes
being commercially available.



h) Tissue slices were taken from mammary glands of 75 and 100 day old rats (10 each) used in the
experiments for histomorphological evaluation. No lesions were noted in the control and genistein
treated only rats and one out of 10 DMBA treated rats had hyperplastic lesions and none of the
genistein-DMBA treated rats had hyperplastic lesions.

i) Attend and present data at AACR meetings. We did attend the, 2004, 2005, 2006 and 2007 AACR
meetings.

J) Data analysis and reports to DOD have been written and submitted. Two manuscripts have been
writlen, submitted to peer-reviewed journals and published. While we did publish 2 papers on Aim 1,
we did not derive publishable data from Aim 2.

KEY RESEARCH ACCOMPLISHMENTS

* We have developed reproducible 2-D gel and biostatisical methodologies to evaluate the
proteome of mammary glands ((J. Proteome Res. 4:1619-1627, 2005).

* Prepubertal genistein treatment up-regulates GTP-CH1 in mammary glands of 21-, but not 50-
, day old female rats (J. Nutri. 135: 29538-29598, 2005).

* Prepubertal genistein treatment up-regulates P-ERK-1 in mammary glands of 21-, but not 50-,
day old female rats (J. Nutri. 135: 29535-29598, 2005).

* Prepubertal genistein treatment up-regulates tyrosine hydroxylase in mammary glands of 50,
but not 21, day old female rats (J. Nutri. 135: 29538-29598, 2005).

* Prepubertal genistein treatment down-regulates VEGFR-2 in mammary glands of 50, but not
21, day old female rats (J. Nufri. 135: 295358-2959S, 2005).

*» Inthe 21 day old animals we found no significant changes in BH4 and iNOS protein expression
(J. Nutri. 135: 29538-2959S, 2005).

REPORTABLE OUTCOMES

Publications and Presentations

C. Rowell, G. Puckett, K. Roarty, M. Kirk, L. Wilson, M. Carpenter and C. A. Lamartiniere,
“Serum profiling and biomarker discover of rat mammary tumors using mass-coded abundance
tags (MCAT)” In Proceedings of the 95" Annual meeting of the American Association for
Cancer Research, 45, 1203 Orlando, FL, 2004 .

C. Rowell, and C. Lamartiniere, “Discovery of a Novel Pathway of Chemoprevention by
Genistein using Proteomics” Susan G. Komen Mission Conference, New York, NY, 2004

Carpenter, M., Rowell, C, Lamartiniere, C. and McCorkle, H., “2D-gel Proteomics in biomarker
discovery.” In Proceedings of Pharmaceutical Industry SAS Users Group 2004, San Diego,
California

C. Rowell, and C. Lamartiniere, “Proteomic Discovery of Genistein Action in the Rat Mammary
Gland. 96" Annual Meeting of American Association for Cancer Research, abstract 398, 2005.

Rowell, C., Carpenter, D.M. and Lamartiniere, C.A. Modeling Biological Variability in 2-D gel
Proteomic Carcinogenesis Experiments. Journal of Proteome Research, 4:1619-1627, 2005



Rowell, C., Carpenter, D.M. and Lamartiniere, C.A. Chemoprevention of Breast Cancer,
Proteomic Discovery of Genistein Action in the Rat Mammary Gland. J Nutrition Sci,
135:29538-29598S, 2005,

Lamartiniere, C.A. University of Gottingen, Germany Seminar: Dietary Polyphenols Protect
Against Mammary and Prostate Cancers. February, 2006.

Lamartiniere, C.A. Humboldt University, Berlin, Germany Seminar: Dietary Polyphenols Protect
Against Mammary and Prostate Cancers. February, 2006.

Lamartiniere, C.A. Technische Universitat, Dresden, Germany Seminar: Dietary Polyphenols
Protect Against Mammary and Prostate Cancers. February, 2006.
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UO01ES16003-01 NTH UOIES16003-01 (C.A. Lamartiniere, PI) 8/1/07 - 7/31/11
Genomic and Proteomic Biomarkers of Biological Responses to Exposure

To determine genomic and proteomic signatures in blood of pubertal girls and blood and
mammary tissue of rats exposed to endocrine disruptors.

NIH 1R21ES015603-01 (C.A. Lamartiniere, PI) 4/31/07 — 3/30/09

In utero Mammary Cancer Risk with Resveratrol and TCDD

Our goal is to determine the potential of in utero exposures to resveratrol and TCDD, alone and
in combination, to alter mammary gland development and differentiation, cell proliferation,
protein expression, endocrine status in developing animals and susceptibility for mammary
cancer in adult rats.

NIH/NIEHS 1U01 ES012771-01. (J. Russo, Director) 9/29/03 — 7/31/10 Lamartiniere, Co-
PL on Project 1,

Center for the Study of Environment and Mammary Gland Development. To investigate the
potential of environmental chemicals (TCDD, Bisphenol A, butyl benzyl phthalate and
diethylstilbesterol) that are known endocrine disruptors, and one nutritional agent (genistein) that
has been demonstrated to protect against breast cancer, when exposure occurs alone and in
combination to alter mammary cancer susceptibility,

NIH P20 CA93753-01 (S. Barnes, Center Director; 6/1/03 — 9/30/08

Lamartiniere, Co-Pl. on Project 1.

Center for Nutrient-Gene Interaction in Cancer Prevention

To investigate the potential of (-)-epigallocatechin-3-gallate (EGCG), resveratrol and genistein,
alone and in combination to alter susceptibility for mammary cancer susceptibility and to
investigate genomic and proteomic signatures following exposure to these nutrient chemicals.
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Craig Rowell’s dissertation research was in part funded by this research grant. Dr. Rowell is now
a postdoctoral fellow at Duke University (breast cancer research).
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CONCLUSION

We have developed reproducible methodology for separation, quantitative biochemical analysis,
statistical analysis and identification of mammary gland proteins. We have discovered that GTP-CH]
expression is significantly increased shortly following exposure to genistein. However, this was not a
permanent effect because by day 50, in the absence of genistein, there was no difference between the
treatment groups. By evaluating related metabolic pathways, we have been able to jidentify down-
stream targets and evaluate changes in these proteins in response to the changes of GTP-CH1. In the 21
day old animals we found no significant short-term changes in the tyrosine hydroxylase and iNOS
protein expressions, However, at the 50 day time point there was significant up-regulation of tyrosine
hydroxylase and VEGF-R2 expression. Since this difference is measurable 30 days after the final
genistein treatment, we postulate that some underlying programming effect on protein expression is
manifested in the long-term expression profile of this downstream target. This and previous work
suggests that carly postnatal (prepubertal) exposure to genistein enhances cell proliferation by up-
regulating GTP-CH1 and the EGF-signaling pathway, and hence cell differentiation and gland
maturation. This unique developmental maturation leads to a new biochemical “blue-print” whereby
the cells have reduced EGF-signaling and VEGFR2 that render the mature mammary gland less
proliferative and susceptible to chemically induced mammary cancer initiation, angiogenesis and for
cancer progression. Therefore, genistein acts through a diverse and coordinated effect of signaling
mechanisms and pathways that likely account for the cellular changes responsible for its
chemopreventative action. This study demonstrates the usefulness of proteomics for the discovery of
novel pathways that may be involved in cancer causation and prevention.

Our experiments in identifying protein biomarkers in interstitial fluid surrounding mammary glands in
rats have been much more difficult and not successful. Commercial and in-house-built probes were
used with small volume and low protein yields. Identification of interstitial fluid proteins from
mammary glands of rats is dependent on larger membrane probes that do not “clog-up” being
manufactured.
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Modeling Biological Variability in 2-D Gel Proteomic Carcinogenesis
Experiments

Craig Rowell,’ Mark Carpenter,® and Coral A, Lamartiniere* '+

Depariment of Pharmacelogy and Toxicology, UAB Comprehensive Cancer, University of Alabana at
Birmingham, Birmingham, Alabamea 35294, and Departinent of Mathemaiics and Statistics,
Auburn University, Auburn, Alabama

Received May 3, 2005

We propose a statistical method to model the underlying distribution of protein spot votumes in 2-D
gels using a generalized modei (GM). We apply this approach to discover mechanisms of chemical
carcinogenesis in a rodent model. We generated 247 protein spots that were common to ali gels (n =
18}. Traditional statistical methods found 6.5% (13 out of 247} significant protein spots, cour GM approach

yielded a total of 53 (22.5%) differentially expressed protein spots.

Keywords: statistics » 2-D geis « proteomics « carcinogenesis » DMBA « rat

1.0. Introduction

Since the first major studies using two-dimensional gel
electrophoresis (2-13 gels), the fiekd of proteomics has under-
gone rapid growth and development.! Coupled with mass-
spectrometry based protein identification, 2-D gels have been
viewed by scientists as a tool {or the discovery of proteins and
pathways in numerous systems.® Progress it proleomics
research has heen directly related to the availability of standard
reagents, protocols, and computer programs for data analysis
(i.e., Progenesis and PDQuest).® These improvements have
increased the number of treatment/comparison groups as well
as the number of biological replicates within each group that
can be examined, In addition, better imaging and processing
software allows for attention on proper statstical design and
analysis ol experiments.

Postrun analysis is the bottleneck of 2-ID get experiments due
lo high dimensional data likely having high variability.” Defi-
ciencies in experimental design and execulion greatly impede
postrun analysis and decrease the overall sensitivity of the
technique. Problems related to analysis first arise in the
software processing of the gels, as reported in Nishihara and
Champion.® These results point Lo the issue of (alse positive
discovery vs accuracy as a (radeoff affecting the choice of
soltware (o use, Another consideration is building composite
gels to increase (he number of reat spols to analyze. Cenural o
composite gel analysis is how (o (reat absent spots {i.e.,
averaging intensilies vs choosing a “best-of”" anatysis). Technol-
ogy such as CyeDyes can potendally overcome this problem,
but not without introducing other considerations, Mauer el al.
examined 2-1 gel data using statistical processes inherent in
the analysis software as well as algorithms applied to micro-

~To whom correspondence should be addressed. i-mail: Coral@uab.ed.

' Department of Pharmacology and Toxicology, University of Alabama
at Birmingham.

AR Comprehensive Cancer, University of Alabama at Birningham.

£ Auburn University.

10.1021/pr0501261 CCC: 53025 © 2005 American Chemical Society

array data’ Recently, Chang et al. investigated the issue of spot
normalization (& computer generated process) (o address the
issue of missing values {(spots that are represented in the
majorily but not all of the gels in a data sel).’® A modeting
procedure used by Gustafsson et al. adjusts for variances in
spot volume data by applying alternative translormations,!!
That each of the above approaches has had a measure of
success shows there are numerous approaches for evaluation
of 2-T) gels.

Much of 2-D gel analysis is based on the search for significant
variation between the means (medians) in different groups
using the two-sample t-test and analysis of variance (ANQOVA).,
The assumption is that the populations being studied are
normally distributed with constant variances, independent of
the mean expression levels, I{ the assumptions are violated,
transformations {i.e., Jog) are taken Lo make the data more
closely conform to the normal distribution. However, this
approach has produced limited success because the transior-
mation is usually (aken across all analysis variables. Gustalsson
et al. noted that even after they transformed their 2-1 gel
expression dala, substantial variance heteregeneity remained. '
So, rather than manipulating the data until it conforims o pre-
constructed asswinptions, we propose to madel the datls
separately for each protein.

From evolution and develepment literature we borrow the
tenm “standard norms of reaction” (NoR} to introduce our
modeling process of 2- gel data, Woltereck introduced the
concept of NoR (o represent the variation of phenotypic
response to envirenmental alterations based on the genotype
of the organism. ™" The environmental condition in our cusrent
study is the process of carcinogenesis. In this study the same
genetic strain of animals has been exposed to the same
environmental insult (dimethylbenzialanthracene, DMBA), We
know tha{ this experiment will result in the production of
mammary tumors in all treated animals. We also know that
the thneline of palpable (wmor development is variable among

Journal of Proteome Research 2005, 4, 16791627 1619
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the individual animats; therefore, there is an uneerlying plastic-
ity in the phenolypic response.'* To avoid confounding effects
ol tumor heterogeneity, we will ook al the period of early lesion
formation." In general, we presume that changes observed at
this time point will refiect early biochemical events refated (o
promotion. Itis our goal to model a tissue protein signature(s)
associated with early cancer formation.

I this paper, we describe the importance of statistical design
and analysis when conducting investigations using 2-1 gels for
differential protein expression profiling. A series of experiments
and analyses related 10 our research into the biochemical
mechanising of carcinogenesis by DMBA in a rodent mammary
model provide the data. We propose 4 statistical method
whereby the underlving distribution of spot volume is modeled
directly as a generalized distribution. This generalized madel
{GM) encapsulates the various methods of transformations and
analyses found in modern proteomic literaiure, The GM
methed will therefore yield betrer rates of discovery than more
traditional proteomic statistical analyses and better reflect
biological changes in protein expression.

2.0, Materials and Methods

Sprague—Dawley CIX rats were purchased from Charles River
Breeding Laboratories (Raleigh, NC). Dimelhylbenzlalan-
thracene (DMBA) and sesame oil were purchased from Sigma
Chemical Company (St. Louis, MQ). Isoelectric focusing (IEF)
strips, 1EF bulfer, Multiphor IT, tissue grinding kits, and albumin
removal kits were purchased [rom Amersham Biosciences (now
a member of GE Healthcare, Piscataway, NI). All other chemi-
cals were purchased from Fisher Scientific (Hampton, N#),
SyproRuby and the VersaDoc densitometer were purchased
from Bio-Rad (Hercules, CA). SAS v.18 was purchased from the
SAS institule (Cary, NCJ,

2.1. Pilot Projects, Replication and Power Analysis. One
important aspect of experimental design is choosing sample
size." In this study, we promote the use of power analysis in
determining sample size. Other issues of statistical design are
the elimination of extraneous sources of vaviability and choos-
ing the number and levels of comparison groups. Our first
consideration is the choice between technical and biological
replications.

Technical versus Biological Replication. Using technical
(analylical} replicates over biological replicates has been widely
discouraged.” 1" However, Asrivathamn et al. stated that the use
and investment in analytical replicates for pilot projecis is
extremely valuable for data quality contro} and validation of
ihe 2-I> gel handling process® Importantly, the general
consensus is that as functions of cost and resources, biological
replicates provide considerably more scientific information
than analytical replicates.

Power and Sample Size. Pilot studies were conducted (o
determine optimal sample size based on power analysis, Tn our
study, the power estimate and sampie size determinations
involved using unique uterine samples (biological replicales)
from 8 control- and 8 genistein- (a phytoestrogen found in S0Y)
treated rats. The variance for each of the commonly detecled
proteing was estimated using the pilot expression data. The
varfance gstimate was used to evaluate sampie size effects for
discovering specific protein volume fold-changes. Rather than
basing power analysis on crude family wise adjustments, such
as Bonferroni, we designed an experiment with sufficient power
Lo examine al least one single protein comparison (in our study,
the power analysis was based on adjustrnent of 100 proteing)

1620 Journal of Proteome Research » Vol. 4, No. 5, 2005
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and after the data was collected we computed the estimated
false discovery rate (o assess the potential number of discaver-
ies,

False Discovery Rates {FDR). Benjamini and Hochberg first
coined the phrase “false-discovery rate” (FDR) now commonly
applied in significance testing designed for high dimensional
biology.*'™* Tor a parlicular experiment, the FIDR is the
expected or estimated proportion of false discoveries oul of
the (otal number of signilicantly different genes/proteins. This
means that a large FDR of 50% would lead the researcher o a
different decision with respect to allocalion of resources than
if the FDR were 5%, Therefore, we computed the estimated
FDR 1o assess the potential number of discoveries after the data
was collected. ™

2.2. Study Design. Animal care and treatment were per-
formed according to established guidelines approved by the
UAB Animal Care Committee. Eighteen 50-day-old female
Sprague—IDawley rats were divided into two groups and either
gavaged with 40 ug DMBA/g B. W, (n = 8) or gavaged with an
equal volume of vehicle, sesame oit only {1 = 10). AL 75 days
of age (25 days post DMBA treatment), animals were anesthe-
tized with Ketamine/xylazene and the fourth abdominal mam-
mary glands were dissected, We selected 75 days post DMBA
with the intention of investigating mannmary glands with early
prencoplastic lesions and biochemical alterations, and yet
relatively (umor mass free, Each gland was cut in hall longi-
wdinally to allow both proteomic as well as pathological
evaluations, [rozen mammary tissues were homogenized in
lysis buffer formulated lor 2-D gels using tissue grinding kits.”
After measuring protein concentration via Bradford’s assay
{Bilo-Rad), equal concenirations of sampie were subjected (o
albumin removal. Prolein concentration was remeasured and
150 ug protein aliguots were diluted in rehydration buifer. The
samples were applied 10 separate immobilized pH gradient
(IPG) strips {24 cm, pH 47 and allowed to rehydrate overnight
at room temperature. The 1PG strips were placed on a flatbed
electrophozesis unit {(Multiphor I} and a current gradient
applied (500 V for 1 h, 3500 V for 1.5 h, foliowed by 3500 V for
22.5 h). Afer isoelectric focusing, IPG strips were equilibrated
firstin 100 mM dithiothreitol {or 45 min followed by equitibra-
tion in 120 mM iodacetimide for 45 min, [PG strips were loaded
onto pre-cast 1.5 min, 12.5% SDS gels and ran on a Dodecacell
vertical electrophoresis unit according te manufacturer's sug-
gestions. Both IEF and $D§ gels were run as block groups
consisting of equal treatments per run. Once gels were run to
completion, they were stained using SyproRuby and scanned
via a VersaDoc 4000 Densitometer, Spot matching and gel
warping were done using Progenesis Discovery 2004, Processed
data was imported into $AS version 10 and analyzed using
statistical methods and algorithms based on various SAS
procedures.

2.3. Data Processing, For our experiments, we elected (0 use
the “tetal spot volume” normalization procedure found in the
Progenesis software. After spot matching and gel warping were
completed, the data file was exported (o SAS for processing,
For all the following procedures, we evaluated only spats that
were common (o all gels in the data set. The fivst step in our
cleanup procedure was o perform a t-test, Each spot identified
ag significant {(p < 0.05) was located and the spot's presence
was visually confinmed in all the gels. As needed, manual re-
matching of spots was conducted and the statistical program
was re-run {o generate a new list of p-values lor the matched
spots. This itevative process was run numerous times o ensure
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{hat matches reflected high quality spots (i.e., consistent shape,
noensaturation and proper splitting).

2.4. Statistical Methods. First, we applied tradilional stalisti-
cal approaches to differential expression analysis and their
adaptations to assumption violations. Second, since in pro-
teomic studies it is not unconmimen {o come across data that
are nomormally distributed and/or differently dispersed, we
discuss two different ways of dealing with these situations. Tn
section 2.4.2,, we describe an approach that we reler to as an
indirect method where traditional statistical analysis is con-
ducted on the transformed data. In Section 2.4.3., we describe
our direct approach, where general classes af <distributions,
(generalized gamma, exponential, or Weibull} are directly lived
to the data using a generalized linear model.

2.4.1. Differential Protein Expression. For a given 2-1D gel
experiment, proteomic differential expression analysis describes
the process of conducting multiple hypothesis tests, one [or
each protein, across all commonly expressed proleins. In the
traditional two-sample (-test, any protein resulling in a p-value
that is less than a pre-specified w (i.c., 0.05) is considered
significant and that protein is deemed dilferentially expressed.
This approach must be implemented with caution, because the
error rate is fixed only for one specilic test and if more than
one hypothesis/protein is tested then the error rate ac-
cumudates across all lests,

Since many experiments involve the comparison of two
treatment groups and since the approach can be easily
generalized o more than two-groups, we focus our altention
en the two-population comnparison, If there are iy and n; gels
processed in groups 1 and 2, respectively, and the populations
are assumed (o have approximately equal variances, then the
two-sample (-test involves the computation of the Tollowing
lest statistic

e —

P 0iny +1/ny)
sph = 1y = D" Gy = DA 0y 4 0y, =2 (1)

where &, Xz, 8%, and 5% are the sample means and variances
from each sample, respectively. In the two-sample (-test, if the
normality assumption is reasonable but the commeon variance
assumption is violated then eq i may not be valid. However,
approximate (-lests are available to test for differences between
the two means. Cochiran and Cox praposed an approximale
-lest, but the degrees of freedom were undefined when the
sample sizes were unequal and the test was quile consetva-
tive 7 Satterthwaile’s approximation for the degrees of
freedom can be used for the approximate t-lest in these cases,
but the test given below, still remains conservative 2059

et df = () b w00 O, - 1)
a5t

Wity = Doy = s 200, = 5,7 )70 (2)

Regardless of (he test used (eqs 1 or 2) there is a question of
efficiency since ane usually tests the equal variance assumplion
before deciding between the (-lest (equal variances) or the
approximate t-fest (unequal variances), Nonparamelric ap-
proaches do not provide much relief since they typicaily assume
symmetrically distzibuted populations with common variance
or similar shapes across groups.

Since & 2-1) gel experiment invoives several hundred hy-
pothesis tests on unknown proteins, it is impossible to know
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whether the equal variance assumption is true for all proteins,
On the basis of the sample expression between two groups,
one can test whether the underlying populations have the same
spread, dispersion or variance {s/* = ayfversus o # 628 using
the Folded Form F-tes( (eq 3}

I = max (sﬁ,szz)/min (s,z.s;f] (3}

which, under the normal distribution asstmption, has an
Fiy -1 distributlion. Althongh most researchers conduct such
a lest to determine whether the two-sample t-test based on
equal variance is valid, we propose that proteins that have
significantly diffevent variances between groups may well be
of biological significance. That is, if a protein has significantly
different variances between groups, then it is included in the
list of significant proteins whether there are significant mean
differences in expression.

2.4.2. Transformation Approach. I genomic and proteomic
studies statistical analyses is often conducted on the log-
transformed data across all genes and proteins. In many cases,
this approach resulls in more symmetrically distributed data
and/or dampens the effect of nonconstant variance at high
levels and outliers, However, Rocke, and Durbin provided
evidence that for low expressing genes or proteins, this
transformation can make matters worse 84 Accordingly, much
literature has been dedicated to more generalized transforma-
tions such as Bex-Cox™ and Generalized-log transformations
that serve as an allernative to blind application of a single
transformation® Specifically, if y represents the expression
vatue for a particular protein or gene, then the simple Box-
Cox transformation is of the form z = (3 ~ 13/2if 4 = 0 and 2z
= log(y) if 2 = 0% This class includes most of the common
transformations, including the log-transform and varicus power
and inverse power transforms. The wnderlying goal in using a
generalized lransfonmation is that the resulting data will be
more in line with the model assumptions and therefore
produce more robust analyses of the data 339 The general-
ized clags of transformations are appealing because they are
very {lexible. They include a form of the simple log-transform
as a special case, and the appropriate transformation can be
estimated using maximur itkelihood approaches.® The TRAN-
SREG procedure in SAS offers the maximum likelihood ap-
proach in fitting the optimal Box-Cox transformations to data
taken from Draper and $mith.® The model fitting feature allows
one Lo optimize and/or customize the lransformation for each
individual protein or gene rather than doing a single log-
transform across all proteins or genes.

2.4.3. Generalized Model (GM). The generalized model more
directly addresses the problems discussed above by providing
a unified theoretical and conceptaal framework for analyzing
protein differential expression across each protein spot. Gen-
eralized models assume the response variable {expression) is
not necessarily normally distributed and the underlying dis-
tribuliens may wol have constant variances between groups
or across levels of the predictor variables.® In many cases other
than the normal distribution, the populations may have a
mathematical dependency dink function) between the variance
and the mean of the populations, The GENMOD procedure in
SAS provides Newton~Raphson algorithm (ridge-stabilized) to
maximize the log-likelihood function in estimation and testing
of parameters in the model for a broad collection of models,
inchuding the normal, inverse-Gaussian, gamma, negative
binomial, and Poisson distributions.
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Therefore, we propose a method lor 2-I3 gel analysis whereby
the underlying distribution is modeled directly as a generalized-
gamma distribution, which has the Weibull, exponential,
gamma, and log-normal as special cases, Bach of these special
distributions has a relationship with a log-lecation-scale family
of distributions. For example, taking the log-transformation of
Weibull, gamms, and log-normal data leads to the extreme
valiee distribution, the fog-gamma distribution and the normal
distribution, respectively. Each of these distributions is a special
case of the generalized log-gamma distribution.® Therefore,
under the right conditions, fitting the generalized gamma or
the generaiized log-gamma distribution to data leads 1o
distributions approximating the true underlying disuributions
individually and perhaps more accurate statistical contrasts
between treatiment groups, Inference can then be made aboul
the location, shape and scale of the distribution without having
prior knowledge of the specific positive support distributions
across all proteins within the given populations or treatment
groups. Therefore, when the goal is discovery of proteins, we
propose a method where the generalized gamma distribution
is fit to each specific commonly expressed protein within
populations and tested for significant differences across the
populations. The new list of proteins is then compared and
contrasted to those found as worlhy of foliow-up analysis
through other more traditional methods, including tests o
mean and variance differences.

Our GM method is expressed as follows: ¥ denotes the
expression for a particular spot on a 2-D gel, and Y has a
generalized gamina distribution if its distribution Tunction is
of the form

F(% “”“FI‘J‘—((}JT;)'(O' 90 P exp= By » 0 “)

where T() is defined as the gamma function, Taking the
log-transform of a generalized-gamma random variable, z =
log(y) resulis in the location-scale famity called the generalized-
log-gamma distribution, given in its standard form as follows:

ﬂz)::fq%¥j%(o”2exp(d-zﬂ”'ZCXPP—énzexﬁ(“d'Zﬂa
(

2,0 € [—eom) (5]

1, then the log-generalized gamma becomes the extreme value
distribution and the corresponding generalized gamma be-
comes the Weibull distribution, If ¢ = 0, then the log-
generalized gamma becomes the normal distribution and the
corresponding generalized gamma becomes (he log-normal
distribution. Regression analysis based on these models can
be done by using the LIFEREG, NLP, or NLIN procedures in
SAS. The ypical approach is to log-transform the data first,
and then fit the generatized log-gamma distribution separately
to cach of the protein expression variables, which is equivalent
to fitting the corresponding generalized gamma to the raw data.
The density in eq 5 is expressed in standard form (jus: as a
normat distribution with mean zero and unit variance is the
standard form of the normat family). As Lawless pointed out,
the generalized tog-ganyma {GLG) distribution is a locaiion-
scale family, just like the normal family, and these parameters
are introduced into the density by letting z = (it — u)/o, and v
becomes a GLG {,0,0), where g, o, and & represent the location,
scale and shape parameters, respectively. !
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Figure 1. Power analysis versus sample size. This graph il-
fustrates how power and sample size are related with respect to
detaction of fold change in protein expression.

The location can be expressed in terms of linear regression
modet on the log-transformed data. Initial estimates of regres-
sian paramelers are obtained by doing ordinary least-squares
regression on the log-transformed data, which are then used
lo gel more precise maximum-likelihood estimators (ML)
using some numerical method such as ridge-stabilized New-
ton—Raphson algorithn, Differences in location between popu-
lations can then be tested directly using a x-square test (Wald
test). The GENMOD or NLP procedures could be used to
generalize this approach for simultaneously testing for differ-
ences in location {mean/median), scale {(variances/standard
deviation) and shape, but for illustrative purposes in this paper
we focus on tests for differences in location in models in which
the mean and variance are mathematicaliy related.

Results

3.1, Power Analysis/Sample Size Determination. In our first
pilot study, five replicate 2-TD gels from a single uierine sampie
were used Lo examine reproducibility, The results showed that
the total number of protein spots per gel were reasonably
similar. However, when we looked only al common spots
among the gels, we lound that as the multiplicity of gels
increased there was a significant decrease in number of
common spots {unpublished data). This is consistent with
earlier findings reported by Voss and Haber!?

A second pilol study using uteri from 8 control- and 8
genistein-treated rats also showed that as the multiplicity of
gels increased there was a significant decrease in number of
common spots. Since this decrease in matched spots was al
simifar rates between groups, it indicated a lack of sample
handling bias. The pooled control estimate of standard devia-
tion in normalized peak intensities was used to determine that
& sample size of 8 animals per {reatment group would be
sulficient (o detect a 1.5-fold-change between the two groups.
This change was delecled with over 99% power, based on a
two-sample t-test with an experiment-wise level of significance
of p = 0.05, with adjustments for multiple testing. Tigure 1,
displays the power curves for the delection of four different
fold changes (1.2, 1.3, 1.4, and 1.5). The power is defined as
the probabitity of detecting (he specified fold-change and is
displayed over sample sizes ranging between 4 and 12. While
a sample size of § gives 99% power o detect a 1.5-fold-change,
this power drops to 2% (o detect a 1.3-fold-change. A sample
size ol 6 anly gives 28% power 1o detect a 1.3-fold-change,
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Figure 2. 2-D gel profile (A} A display of unsupervised spot detection results. {B} A display of those spots common to all gels in the

experiment.
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Figure 3. Supervised spot evaluation. Initial evaluation of common spots is based on the p-value from a two-sample t-test. The graph
shows the mean value (:SEM) for the normalized value. Spots are ranked accerding to p-values and all spots with a p < 0.05 are
subjected to visual inspection to verify consistency of spot parameters. This figure shows that while the t-test on the normalized value

was significant {p = 0,0431), there is inconsistency in spot detection.

3.2. Data Quality and Processing. Results of unsupervised
matching and spot detection (Figure 2A) demonstrate the need
fora directed process of image cleanup hefore evaluation. After
initial matching we focused only on those spots found in all
gels (Figure 2B3). Commeon spots with significant p-values (p <
.05, (-test) were subjected to visual veriflication o ensure both
accuracy of matching and consistency of spot boundary (Figure
3). This early analysis is critical to prevent improper data
interpretation. Once several new landmarks bave been estab-
lished the matching program and inspection process is rerun.
This iterative process greatly increases the elficiency of sub-
sequent evaluations by providing well matched dala points for
the more robust statistical procedures,

3.3. Statistical Analysis of Two Experimental Groups. Qur
primary data sel was generated using 18 gels representing
unique mammary gland samples in each of two treatment
groups (10 con(ro} and 8 DMBA treated rats). Analysis of all 18
gels yielded 247 spots that were present in every gel. These 247
common spols were subjected to statistical differential expres-
sion analysis. Evaluation of the data using only the t-test on
the untransformed data found 13 spois to be significantly
different between the 2 groups (p < 0.05) (Figure 4A). Testing
of the log-transfermed data yielded a otal of 15 spols o be
significantly different {(p < 0.05) (Figure 4B). GM calculations
added an additional 11 spots for a total of 26 spots that were
significanily different (p = 0.03) (Figure 4C). Using a 0.05 level

of significance, the estimated FDR was .20, Therefore, we
expected 5 of the 26 spols found using the GM 1o be false
pasilives.

3.3.1. Generalized Models, An advantage of the GM proce-
dure js that it allows for the mean and variance to be linked
and vary simultaneously between groups. Individeal data plots
for three spots where the p-values differed for the t-test, log-
normatized and GM are presented in Figure 5. For each protein
spot the individual data points of mammary glands of controi-
and DMBA-freated animals are graphed 1o show the variation
for the log-normalized data, For those instances where the
norm and log-nermalized data are not significantly dilferent
we assume that the mean values are similar. Graphs in Figure
5AB demonstrale that while lhe means are similar, the
underlying variation of expression is different. Therefore, using
the GM we model this variation and determine the spols (o be
significantly different (p < 0.05).

3.3.2. Tests on Equal Variances (Folded Form P-test). Figure
8 illustrates that using just the Folded Porn F-test (testing only
on variance) we find 33 unique proteins not captured by any
of the other tests. Finally, we sce that there is an overlap of
ordy 3 spots identified as being significant using all testing
procedures. The field graph in Figure 7 #lusirates all 247 protein
spots that were evaluated. This graph reveals the overlap of
significantly evaluated spots. Each significant spot’s location
is based on either differences only in the variance as a function
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Figure 4. Comparison of traditional and GM testing procedures. The number of significant spots for each testing procedure is represented
below the dashed line {(p < 0.05). (A) The t-test applied to the normalized data found 13 spots to be significantly different, (B) Means
testing on the logtransformed data found 15 spots differentially expressed and (C) resuits using the GM captured 26 spots as differentially

reguitated.
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Figure 5. Consideration of variance. Each graph displays the log-transformed data for an individualsample in either group (Control ar
DMBA) (A} Results of the two-sample t-test on the normal or logtransformed data for spot 1290 are not significant {p > 0.05). However,
results of the GM show a highly significant {p = 7.213 x 10-9) difference in variance between the contro! and DMEA groups, (B} For
Spot 1471 results of the two-sample t-test on the normal or log-transformed data are not significant {p > 0.05), However, the GM
found a highly significant (p = 0.000 452 8) difference in variance between the control and DMBA groups. (C) For spot 1304, the results
of the two sample t-test were significant and with log transformation {p < 0.05), as well the GM was significant (p = 0,001 866}

of the same mean, or variance in the absences of sirnilar means,
Finally, spots uniquely found significant using the GM proce-
dure are distinguished in the broad field,

4, Discussion

Proteomics and genomics fall under the general heading of
systems biology. Systems biclogy focuses on the interaction of
all motecular components including: NA, RNA, proteins,
prolein inleractions, biomodules, cells, tssues, etc., with each
of these components having their own individual elements (e.g.,
specilic gene methylation or protein post-translational modi-
fications). A systems level view is necessary to understand the
complex dynamics that underlie the physiolegy in both the
normat and diseased states. Systems biology is characterized
by a synergistic integration of theary, computation, and experi-
ment.*

Advances in recent technelogy make possible the large-scale
application of proteomics for biomarker discovery in cancer
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models and the exploration of mechanisms of action of drugs.
These advances result in the ability to readity run reproducible
2-D> gels for protein separation and obtain protein identification
using mass speclrometlry techniques, such as MALDITOF,
Software programs, such as Progenesis, have been develeped
that aid the researcher in evaluating changes in protein
expression profiles awmong groups and between samples.
However, these programs lack substantial statistical analysis
teols Lo help researchers determine the most important and
persistent changes throughout the experiment. Without ad-
equate means of analysis the researcher is left to generate a
fong list of proteins for identification, and then is required to
use a hit-or miss strategy lor [urther analysis.

The 2-D gel cleanup/spol review and evaluation cycle has
long been considered the botlleneck of 2-D gel experiments.
This has resulted from over reliance on the unsupervised
matching and spol evaluation by the software followed by an
unscripted procedure for cleanup by the end-user. Therefore,
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Log-transformed
s=15

Figure 6. Nested collection of significant spots. The GM proce-
dure found the same spots as the traditional t-test as well as
those found from testing on the log-transformed data. The
number of unique spots using the Folded Form F-test (s = 33)
are demaonstrated by the green circle. Three spots were found
to be significant regardless of testing method.

we have developed a method that greaily increases the speed
ol this process by providing guidance and direction. Through
muhiple trials we have determined that statistical analyses are
best conducted only on the common spots,

Our cwrent research focuses on finding biochemical events
that indicate the earliest stages of breast cancer development,
Using an animal model of carcinogenesis, we developed our
evaluation of markers along a known timeline of tumor
development. The DMBA model we chose has been demon-
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strated to result in 100% mammary (wimor incidence. In general,
we have seen that DMBA treatment to 50 day old rats resulis
in palpable tumor develepment when the animals are 100~
120 days old; therefore our choice to evaluale mammary glands
at 75 days ol age (25 days after DMBA administration)
represents a very carly state of carcinogenesis, Pathological
examination of these animals showed no lesion formation in
the DMBA (reated animals at day 75, Given that cancer is a
disease process with a tong developmental period we acknowl-
edge that the earliest stages of carcinogenesis are likely marked
by subtle alteralions in protein expression. These low expres-
sion differences are one reason that we have emphasized power
analysis to provide information about our lower limits of
delection in 2-1D gel experiments,

Power analysis is a standard method to determine a level of
sensilivity for value change (such as spot volume Told change)
as a lunction of the sample size. In any biomedical experiment,
the number of experimental units (sample size) should be
selected to maximize the probability (power) of detecting a
predetermined significant difference between two or more
treatments (i.e., protein lold change). By addressing the issue
of sensitivity from the beginning, this knowledge can he applied
o help determine i the changes in expression of a particular
protein make logical sense for the given experimental design/
biology. While replication studies for power determination can
be costly, establishment of slatistically relevant data will lead
o reduced end-cost. For our biological model, the result of
pewer and sample size defermination established our ability
o confidently identily those spots that differed in mean
expression by 1.5-fold or greater with a reasonable number of
biological replicates. However, results of traditional expression
evaluation, t-test and log transformed daia, only identified a
linite number of significant gpots 5 = 13 and s = 16,
respectively), In fact, finding 13 to 16 spols represents only
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Figure 7. Field graph of commonly expressed spots. The vertical axis represents the j-values from a two-sample t-test conducted on
the log-transformed data (shaded area represents p < 0.05), The horizontal axis represents the p-values resulting from a test on equal
variances among the groups (shaded area represents p < 0.05). Red circles depict those p-values based on the generalized linear

model {GM} that were significant,
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not unlikely 1o be based on chance. Therelore, we needed (o
design a more robust approach 1o evaluate our data.

As mentioned in the Introduction, the application of the GM
provides additional information on the distribution of the
individual data points for a particular spot, By applying the
concept of Nol to our evaluation we saw alteration in the
variance levels, either tighter reguiation or dysregulation for
somne of the proteins examined, while the mean appears similar
[see Figure 5). Spread of varialion shows the natural charac-
teristic of the medel to allow for wide fluctuations in the normal
circumstance, or the inverse that certain proteins require strict
control to maintain adequate cellular function. By evatualing
the changes in variance of expression we gain insight into a
fevel of conlrol that may be involved in the promotion of
carcinogenesis. Since the result of 2-1 gels is (o look at a broad
spectrum of proteins, we may be able to establish patierns of
variance alteration and delerming if proteins that undergo
positive or negative shifls in expression are functionally related
lo one another or the disease process.

The changes of any particular protein over the course of
tumaor development will jtself alter as, in the case of mammary
cancer. Lhe underlying cell population changes,” Traditionaily,
tumerogenesis is measured as a mean time to tumor develop-
ment, hence we have 1o use mulliple animals/group Lo gel
mean 1o first, second, ete. tumor/rat since the individyual
animai’s response is different. Furthermore, it is the funda-
mental effect of treaunents such as cancer promaters or
chemopreventive agents to alter the time of tumor develop-
ment. However, all of these measures ignore the individual
respense or the general group response unless the mean levels
are significantly different. Ultimately, we appreciate that
underlying alterations invelved in the long term process of
carcinogenesis will likely be found in subtle, yet persistent,
changes in cellular signaling.

Itis well recognized that the value for an individual spot an
a 2-D gel does not necessarily represent an absolute measure-
ment for the concentration of a prolein. For this reason, we
acknowledge that there is some inherent weakness in perform-
ing exhaustive evaluations of spots frem a statistical standpoint,
ILis our assumption thal investigalors are willing to make
certain tradeolls in data quality vs ime and futare evaluation.
Thatis (o say, any mass-spectrometry based protein identifica-
tion s going to require more stringent confirmation procedures,
such as immuno techniques. In turn, these techniques will
altow lor 2 more quantitative assessiment of changes in protein
concentration, Tt is our intent (o provide more information
about the gencral qualities of the information that the 2-1 gel
is providing and 1o help guide the researcher in the decision
making process with respect 1o which spets should be evalu-
ated first. Therefore, displays such as Figure 7 provide all of
the information with respect (o what model resulted in a $pot
being found significant. This system alleviates the production
of faundry-lists of proteins and allow for directed and focused
studies of particular proteins/pathways that are involved in the
condition under study. Therefore, our future experiments will
be designed to more accurately capture data related to the
temporal changes we have observed to belter establish the rote
of identified proteins,

I summary, we have described a reproducible and statistical
approach (o the use of 2-D gels for identification of biemarkers
that may be related (o the carcinogenesis of DMBA in the rat
mammary gland. These methods lend wel to the discovery of
novel new proteins and identification of key signaling pathways
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involved in cancer causation. Our slatistical approach involves
empirical deiermination ol the number of gels required to
ensure statistical power for appropriate evaluation. In general,
the approach we used resuls in quickly identifying those
proteins thal meet a realistic and significant change, hut is also
broad enough to allow the unique modeling approach of the
GM. The approach that we have outlined is what we consider
(o be discovery proteomics. Only when we have mass spec-
tromelry data for identification do we consider this as eur
preliminary data, not as conformational or primary data,
Experhnents can then be designed to evaluate the validity of
identificatiens mcluding the previous mention of more specific
technigues ol quantification.
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ABSTRACT  Genistein, the primary isoftavone component of soy, consumed in the diet during the prepubertal
period only, and the combined prepubertal and adult periods, suppresses chemically induced mammary cancer in
rats, Gestational or adult-only exposures do not provide protection. An inverse relation exists between cancer
susceptibility and mammary gland differentiation. The current study used proteomic technology to investigate
genistein mechanisms of action as related to programming against chemically induced mammary cancer. Rats
were injected subcutangously with 500 ug genistein/g body weight on d 16, 18, and 20 postparium, At d 21,
mammary glands were subjected to 2-dimensicnal polyacrylamide gel electrophoresis, After gel scanning, image
analysis, and MS, 6 proteins were determined to be differentially regulated and identified. One protein, GTP-
cyclohydrolase 1 (GTP-CH1), was confirmed as being significantly upregulated at d 21 by Immuncblot analysis.
Investigation of downstream signaling from GTP-CH1 showed that tyrosine hydroxylase was upregulated and
vascular endothelial growth factor receptor 2 (VEGFR2) was downreguiated in the mammary glands of 50-d-old
rats treated with genistein in the prepubertal period. This and previous work suggest that eatly prepubertal
exposure to genistein erhances cell proliferation by upregulating GTP-CH1 and the epidermal growth factor
{EGF)-signaling pathway, and hence cell differentiation and gland maturation. This unigue developmental matu-
ration leads to a new biochemicat blueprint, whereby the celis have reduced EGF signaling and VEGFR2, which
renders the mature mammary gland less proliferative and less susceptibie to cancer. This study demonstrated the

usefulness of proteomics for the discovery of novel pathways that may be involved in cancer prevention.
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Inherited genetic risk for breast cancer accounts for < 10%
of all breast cancer cases (1). Epidemiological reports and data
from laboratory studies suggest that approximately three-
fourths of all cancer deaths are attributable to lifestyle factors,
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indicating that environment and diet must play 2 role in the
cause and prevention of cancer. Many cancer causation and
prevention studies involving environmental chemicals have
investigated direct effects in adult animals, because cancer is
considered a disease associated with aging. However, exposure
to environmental chemicals during critical periods of early
development plays an important role in breast cancer suscep-
tibility in aduithcod (2).

Cur laboratory has focused research on the chemopreven-
tative nature of the soy isoflavene genistein. We demonstrated
that prepubertal exposure to genistein decreases tumor multi-
plicity and diminishes incidence of adenocarcinomas in the
dimethylbenz[a]anthracene (DMBA)® model of mammary
cancer, Whole-mount analysis of mammary glands showed
that prepubertal exposure to genistein enhances mammary
gland differentiation, that is, resules in fewer rerminal end buds
and more lobules {3,4), Terminal end buds are the lcast mature

5 Abbreviations: 2-D, 2-dimensional; BH4, tetrahydrobiopterin; BW, body
weight; DMBA, dimethyibenz{alanthracene; EB, estradiol benzoate; EGF, epider-
mal growth factor; GTP-CHY, GTP-cyclohydrolase 1; IHC, immunohistochemisty;
MALDI-TOF, matrix-assisted laser desorption jonization-time of flight; MAPK,
mitogen-activated protein kinase; VEGFR2, vascular endothelial growth factar
receptor 2.



29548 SUPFLEMENT

terminal ductal structures and are the most susceptible to
chemical carcinogens (5). The resulting morphological action
of genistein can be characterized as enhancing gland matura-
tion, This maturation yields a gland thac is ultimately less
proliferative and less susceptible to chemical carcinogenesis
(3,4,6,7). In general, the morphological development of the
mammary gland extends beyond the embryonic stage and
largely occurs during posenatal development. The postnatal
development of the rat mammary gland closely resembles that
of the human and provides a meaningful model for studying
cancer chemaoprevention (8).

To enhance our ability to discover biochemical pathways
that genistein may affect in vivo, we adopted the technologies
of 2-dimensional (2-D) pel electrophoresis and MS to find new
biomarkers of genistein action in the rat mammary gland. In
the present study, we discavered, via 2-D gel analysis, differ-
ential protein expression of GTP-cyclohydrolase 1 {GTP-
CHI1), the rate-limiting enzyme for the synthesis of tetrahy-
drobiopterin (BH4), a necessary cofactor for carecholamine
synthesis and nitric oxide production (9). We also constructed
a possible mechanism of chemoprevention by changes in the
downstream enzyme tyrosine hydroxylase {responsibie for do-
pamine production) and a possible target of its action, vascular
endothelial growth factor receptor 2 {VEGFR2), and showed
how these changes in protein expression can be involved in
the chemopreventative action of genistein.

Methods und materials

Animals. Animal care and treatments were performed according
to established guidelines, and protocols were approved by the UAR
Aaimal Care Commirtee. Animals were housed in a remperature-
controlled facility with a 12-h lighedark cyele. Female Sprague-
Dawley rats (Charles River) were fed phytoestrogen-free AIN-T6A
pellers (Harlan Tekiad) (10), Breeding was conducted in our faciliry,
and animals were separated as soon as sperin or plugs were detected.
Pregnans animals were caged separately. Offspring were collected and
sexed on d 1 pestpartum, and all firrers were adjusted to 10 offspring
(5 males and 5 females). Offspring were weaned at d 21 postpartum,
Female offspring were assigned to the following groups: vehicle (di-
methylsulfoxide; Sigma), genistein (98.5% purity; Hoffmann-La-
Roche), estradiol benzoate (EB; Sigma), or daidzein (Hoffmann-
LaRoche), On postnatal d 16, 18, and 20, female offspring were
injected subcutaneously with either 500 1g genisteinfy body weight
(BW), 500 g daidzein/g BW, 500 ng EBfe BW, or an equivalent
volume of the vehicle, The genistein dose was previcusly shown to
enhiance mammary gland maturation and suppress chemically in-
duced mammary cancer development {3}, The daidzein dose was the
same as the genistein dose, and the EB dose results in a similar
uterotrophic effect as the dose of genistein (2,4,11), Animals were
killed on d 21 or 50 postparum (prepubertal and young adule ras,
respectively). At the time of deathy, the 2 abdominal mammary glands
were excised and snap-frozen at —80°C for later analysis. Three
unigue sets of genistein- and control-treated animals were generaced
for these experiments. Set ! was used for the production of 2-1 gels
(5 raesfgroup); set 2 was used for validation studies via immunoblor
analysis (8-10 ratsfgroup). Set 3 included rhe daidzein and ER
treatment groups (8 rats/group) as the weakly estrogenic isoflavone
and estropen-positive controls, respectively.,

2-D gels. Frozen mammary tissues {n = 5, genistein; n = 5,
control) were pulverized and homogenized in lysis buffer as described by
Founaculakis et al. (12). Protein concentrations of the individual sam.
ples were derermined using the BioRad protein assay reagent (BicRad) in
96-well microtirer plates. From each sample, 150 pg total protein was
loaded onto 1l-em immobilized pH gradient strips, pH 3 o 10 (GE
Healtheare). The samples were aflowed o rehydrate into the gels over-
night at oom remperature. The nexe day, strips were placed onto a
flacbed electrophoresis unir (Multiphor Il; GE Healtheate) for Istdi-
mension: focusing. The voltage gradient was 500 V for 1 h, foliowed by
a ramp to 3500 V for 1.5 b, and sustained ar 3500 V for 22 1, Afrer the

Lst dimension was completed, the strips were equilibrated using 100
mmol/L dithiothreitol for 30 min followed by 30 min equilibration with
120 mmol/L iodacetimide. Afrer equilibration, isoelectric focusing gels
were placed on a 1.5-mm, 12.5% SDS vertical gel (Criterion; BieRad),
and rhe gels were assayed on a vertical electrophoresis unit (Dodecacell,
BioRad) at a constant 200 V. When the assays were completed, the gels
were fixed for 1 h in 40% methanol and 10% acetic acid {viv), and
scained overnight with Sypro Ruby gel stain (Molecular Probes). Gels
were destained (10% methanol, 7.5% aceric acid; viv) for a minimun of
4 h. Stained gels were scanned via a Perkin Elmer ProExpress densiton-
eter and initially analyzed with the Progenesis 2.1 gel software system
{(Nonlinear}.

MS.  For identification, selected protein spots were manually
excised from the gels. Gel plugs were destained, dried in a SpeedVac
(Savant), rehydrated, and digested with trypsin (Roche). Samples
were mixed 1:10 (viv) with a saturated solution of sinapinic acid in
50% aqueous acetonitrile and 0.1% aqueous wifluoroaceric acid (1:1,
viv), and 1 uL was spotted onte the stainless steel matrix-assisted
laser desorprion ionization (MALDI) target plate and allowed w dry
hefore analysis by MALDI-time-of-flight {TOF) MS. Peptide molec-
ular ions were analyzed in linear positive-fon mode using a Voyager
Elire MS (Applied Biosystems). Using an acceleration voltage of 25
kV and a laser intensity of 2500V, cach spot was analyzed a minimum
of 3 times, accumulating spectra composed of ~200 laser shots in
total. The resulting spectra were analyzed by DataExplorer (Applied
Biosystems). The instrument was calibrated using an external apo-
myoglobin standard and internally using a trypsin autolysis peak.
Resulting spectra were baseline correcred and filtered for noise,
MALDI-TOF MS-produced spectra were analyzed wsing the MAS.
COT program {13).

Immunoblot analysis. Mammary giand samples {n = &ftreat-
ment) were homogenized in radioimmunoprecipitation lysis buffer
{(Upstate Biotech) with protease inhibitors (2 mrmol/l. Na vanadaze,
0.2 mmol/L phenylmechylsulfonyl flucride, 2 pg leupeptin/ml, 2 ug
aprotinin/mL} while rotating at 4°C. Proteins from each sample {20
ug) were separated by SDS-PAGE and transferred to a nitrocellufose
membrane (BioRad). Membranes were blocked and incubated with
the appropriate antibody, including polyclonal rabbit antirat GTP-
CHI (Dr. Gregory Kapotas, Wayne State University), and the com-
mercially available tryosine hydioxylase, tryptophan hydroxylase,
phenylalanine hydroxylase, inducible nitric oxide synthase, and
VEGFR2 (Santa Cruz). Membranes were subsequently incubared
with appropriate secondary antibody conjugated o horseradish per-
oxidase for dercction after reaction with z chemiluminescent sub-
strare (Pierce). Membranes were either exposed to auroradiography
fitin for band quantiration by densitomerric analysis or directly ana-
lyzed using a Versaloc 4000 (BioRad). Densitometric analysis was
verformed using QuantizyOne software (BioRad).

ELISA. Dopamine levels were evaluated using an ELISA kit
{Rocky Mountain Diagnostics) according ro the manufacturer’s pro-
tocol. Briefly, whole mammary glands were homogenized in RIPA
buffer with protease inhibitors; 10 pi from each sample was used per
evaluation, and all samples were analyzed in duplicate in 96-well
microtiter plates. The range of standards was from 0 w 2560 ug/L,
with a total of 6 separate concentrations. Samples were evaluated
using an Ultrospee 2000 UV/Visible spectrophotometer (GE Health-
care, formerly Pharmacia Biotech).

Immunohistochemisty (1HC). Immunolocalization of tyrosine
hydroxylase, GTP-CHI, and VEGFR-2 was performed as described in
Brown et al. (14) on wypsinized paraffin secrions of mammary glands
fixed in 4% paraformaldehyde by 2 modified avidin-biotin complex
technique. Primary antibodies were the same as described for the
immunoblot methods plus mouse monoclonal dopamine (Abcam).
All primary antibodies were incubated overnight ar 4°C in a humidicy
chamber with rocking. The secondary antibodies were biorinylated
goar antirabbic 1gG (Vector Laboratories). Negative control slides
were treated with preimmune serum and omission of primary anti-
body with each batch of slides. Slides were evaluated on a Nikon
Labphor-2 {Nikon) ar 200 magnification (10X ocular and 20X
objective).

HPLC. BH# levels were assayed using HPLC methods described
by Fukushima and Nixon (15). Briefty, whole mammary glands (n



PROTEOMICS CF GENISTEIN ACTION IN RAT MAMMARY 20558

= 10/treatment) were lysed in 0.15 mol/l. HCLO, and 0.1 mol/L
H;PO,. An internal standard of peetythro-neoprerin (gife of Dr.
Wayne Kapatos, Wayne State University) was added to each sample,
To each sample 300 ul of 2 1% iodine and 2% potassium iodide
solution was added, and the samples were incubated in the dark for
L he A solution of 1% ascorbic acid was then added to stop the
reaction. Mroreins were precipivated, and the supernatant was passed
through a Dowex 50W-X4 column {Bio-Rad). Preridines were eluted
from the column wsing 1 mol/. NH,OH directly onto 2 Dowex
AGI-X8 column (Bio-Rad). Finally, pteridines were eluted using 1
molfl. acetic acid, then dried by evaparation. The samples were
analyzed on a Perkin Elmer Series 200 autosampler and putap with a
Shimadzu RF-551 speerrofluorometric detecror using an Alltech As-
saciates Spherisorh QDS-1 4.6-mm-id. X 250-mm column. The
mobile phase was 5% methanol in water ar 1 mL/min.

Statistics. For 2-1D pels, the average values for normalized Spot
volume were compared using the Student’s ¢ test. Average values of
immunoblots for each trearment group  were compared using
ANOVA combined with Tukey’s test (SAS) and reported as pet-

centage of the control.

Results

Proteins from the mammary glands of 21-d-old rats wich
prepubertal exposure to genistein or control treatments were
evaluated using 2-D gel electrophoresis, Afrer image analysis,
88 proteins common to all gels were selected for further
statistical evaluation. Based on normalized spot volume, the
expression of 6 protein spots was found to differ significantly
between the genistein-treated and the control animals (P
< 0.05) (Fig. 1). Table 1 lists the protein names and their
descriptive roles(16-20), For 5 of these proteins (B-F), we
were able o obtain antibodies and pursue protein confirma-
tion., Immuncblot analysis of the individual proteins confirmed
only the change observed for GTP-CH1 (Fig. 2).

After identifying and confirming changes in GTP-CHI
expression, we used extensive literature and Web searching
[e.g., Tetrahydrobiopterin Home Page (21)] to find informa-
tion for related pathways that might explain how this partic-
ular protein might play a role in mammary cancer chemopre-
vention. We found that GTP-CHI is the rate-limiting step in
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FIGURE1  Representative 2-D gel showing the location of protein

spots that differed significantly in expression based on normalized spot
volume in the mammary glands of 24-d-old rats with prepubertal
genistein treatment: A, fertility protein SP22; B, y-synuclein; G, ABC
transporter; D, peroxiredoxin 1; E, 14-3-3 ¢ F, GTP-CH1,

the production of BH4, which is a necessary cofactor for the
activity of the amino acid hydroxylases (tryosine hydroxylase,
tryptophan hydroxylase, and phenylalanine hydroxylase) and
the nitric oxide synthases. These enzymes play a key role in
the production of catecholamines as well as nitric oxide (9),

BH4 fevels were measured by HPLC (Fig. 3). Although
mean values for BH4 from the mammary glands of weated and
control animals did not differ significantly, the overall vari-
ance In expression as evaluated using the Weibel model was
significantly different (P < 0.05).

Protein levels of the amino acid hydroxylases in the mam-
mary glands of 21-d-old rats treated with genistein were eval-
uated by immunoblot analysis (Fig. 4). None of the examined
proteins, except GTP-CHI, differed significantly at this rime.
To determine whether the changes in GTP-CHI were more
than a direct effect of genistein action, we cvaiuated all
proteins at 50 d. Results of immuncblots from mammary
glands showed a significant increase only in levels of tyrosine
hydroxylase (P < 0.05) (Fig. 5).

After determining that tyrosine hydroxylase levels were
increased, we measured one of its products, dopamine, and a
protein known to be regulated by dopamine, VEGFR2. Dopa-
mine levels did not differ between the genistein and conrrol
groups (data not shown). VEGFR2 was downregulated in the
mammary glands of 50-d-old rats (Fig. 6).

Given the importance of the microenvironment in signal-
ing and development, we used IHC to provide information
abour the distribution of the 3 proteins that were differentially
regulated. Results of [HC for the proteins GTP-CHI, tyrosine
hydroxylase, and VEGFR2 showed thar these biomolecules
were confined to the epithelial cells of the mammary structures
(Fig. 7). Staining intensity confirmed immunoblotting analy-
sis for these proteins.

Given the structural activity relation of genistein with
estrogen, we evaluated whether the observed changes in pro-
tein expressions were likely due to the estrogenic action of
genistein. Animals were treated with 500 ug daidzein/g BW or
500 ng EBfg BW. Daidzein is a soy isoflavone not associated
with chemoprevention (22). EB at the given concentration
causes a uterotropbic effect in rats. Results from this study
showed that prepubertal exposure 1o daideein or EB did not
significantly alter  GTP-CHI, tyrosine hydroxylase, and
VEGFR2 levels as measured by immunoblot analysis in mam-
mary glands of 21- and 50-d-old rats (data not shown).

Discussion

We previously reported that shore-term treatment of rats dur-
ing the prepubertal period with genistein can confer a long-term
protection against chemically induced mammary cancer (2-4,6).
The cellular mechanism of action was enhanced mammary gland
maturation, Until recently, few biochemical mechanisms have
been associated with this mammary cancer chemoprevention
model (14). Hence, we embarked on the use of 2.D gels for
finding additional differentially expressed proteins and MALDI-
TOF MS for identifying these proteins.

Our first endeavor into discovery proteomics revesled 6
protein spots frors 2-I gels that were differentially expressed
in the mammary glands of 21-d-old rats treated with genistein
in the prepubertal period. However, only protein expression
change for GTP-CHI was confirmed by immunoblot analysis.
GTP-CHI expression was upregulated in the marnmary glands
of 21-d-old but not in 50-d-old rats with only prepuberral
exposure to genistein. This demonstrates a direct and revers-
ible action, because GTP-CHI levels were unchanged in the
mammary glands of the resulting adult rats.
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TABLE 1
Proteins found to be differentially expressed in mammary glands of rats with prepubertal gahnistein exposure
by 2-D gel electrophoresis’
Protein name, Mowse Differential
Spot accession number score expressicn Putative activity
A Fertility protein SP22 80 Upregulated Protein predictive of fertility (16)
AAD43957
B PSynuclein 91 Upreguiated Enhances binding affinity of the estrogen
NP_113876 receptor (17)
XP_346482
c ABC transporter 83 Upregulated implicated in MDR {18)
CAAD5793
D Percxiredoxin 1 94 Downregulated Antioxidant enzyme, may act as tumor
NP_476455 suppressor in older animais (19)
E 14-3-3 ¢ 81 Upregulated Tyrosine hydroxylase activator (20)
NP_11371
F GTP-CH1 . 106 Upregulated Rate-limiting step in production of 8H4 (9)
PC22 56

¥ Protein identification from pepticle mass-fingerprinting results of MALDI-TOF MS, analyzed using the Mascot search engine.

To determine the biochemical significance of GTP-CHI up-
regulation in the immature mammary gland, we investigaced
downstream metabolic pathways (Fig, 8). GTP-CHI is the rate-
limiting enzyme in the production of BH4. The latter is an
essential cofactor for the enzymes of catecholamine and nitric
oxide syntheses. Catecholamines, in particular, can signal
through membrane-bound adrenergic receptors to affect differen-
tiation and development of cells (23). In PCL2 cells, stimulation
by epidermal growth factor or nerve growth factor increases cell
proliferation through elevation of intracellular BH4 (24). BH4 is
also implicated in cell proliferation on the basis of studies using
murine erythroleukemia cells as & model for erytheogenesis (25).
Although we did not ind a direct correlation between GTP-CH1
levels and BH4 levels, we did notice a difference in the overall
regulation of BH4 between the 2 groups, based on variance. This
is not conclusive evidence of the actions of GTP-CHI, but
athers, such as Vann et al. {26), have reported a divergence in the
regulation of BH4 and enzymes that require it (primarily nitric
oxide synthase in their experiment).

Consistent with the reported action of BH4 on cell prolif-
eration and differentiation (23,24), our earlicr reports showed

{Percent of Control)
»
=

GTP-Cyclohydrolase 1

Genistein

FIGURE 2 immuncblot analysis for GTP-CH1 in mammary glands
of 21-d-old rats with and without prepubertal genistein: immunoblots
(top) and graph of densitometry measurements from these immuno-
blots. Densitometry vaiues for controls were set to 100. Values are
means * SEM (n = 8}. *Different from controls, P < 0.05.

that genistein administration to prepubertal rats results in an
initial increase in the EGF-signaling pathway and cell protif-
eration in the mammary glands of 21-d-old rats, foilowed by
increased mammary gland maturation and then decreased EGF
signaling in mammary the glands of 50-d-old rats with only
prepubertal exposure to genistein (2,3,14), More recently, we
found that phosphorylated extracellutar regulated kinase-1 was
significantly upregulated in the mammary glands of 21- but not
50-d-old rats {unpublished data, 2005). Hence, catecholamine
acrion may enhance genistein’s possible direct action: on EGFE-
signaling and mitogen-activated protein kinase (MAPK) sig-
naling to temporally increase celi proliferation in prepubertal
rats and enhance cell differentiation. A review by Cobb (27)
highlights some of the multiple signaling mechanisms that
affect MAPK signaling and are likely invelved in our observed
morphological changes. Earlier studies by Matsuda et al, (28)
determined a role for catecholamines in the mammary gland
during the first stages of involution.

Given the significant increase n GTP-CHI expression and
the potential involvement of its downstream targets, we investi-
gated whether the direct effects of genistein altered the expres-
ston of the catecholamine synthesis enzymes. Immunoblot anal-
ysis showed that only the level of tyrosine hydroxylase was
significantly altered. Specifically, we found that it was upregulated
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FIGURE3 BH4 levels from mammary glands of 21-d-old rats with
prepubertal genistain exposure {n = 10/group).
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FIGURE 4  immunoblot analysis for GTP-GH1, tyrosine hydrox-
ylase (TH), tryptophan hydroxylase (TPH), phenylalanine hydroxylase
{(PAH}, and inducible ritric oxide synthase (INOS} in mammary glands
of 21-d-old rats with (G) and without (C) prepubertal genistein treat-
ment: immunoblots (fop} and graph of densitometry measurements
from these immunobiots. Densitometry values for controls were set
to 100, Values are means = SEM (7 = 8). *Different from controls, P
< 0.05,
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FIGURES Immunoblot analysis for GTP-CH1, tyrosine hydrox-
ylase {TH), tryptophan hydroxylase (TPH), phenylalanine hydroxylase
(PAH), and inducible nitric oxide synthase (iINCS) in mammary glands
of 50-d-old rats with {G} and without (C) prepubertal genistein treat-
ment: immunohblots {top) and graph of densitometry measurements
from these immunoblots. Densitometry values for controls were set
to 100. Values are means = SEM (n = 8). *Different from controls, P
< 0.05.

150

£

[

S 100. =
& 3 )
LLS <
> 5 50

5

&

Control  Genistein

FIGURE& Immunoblot analysis for VEGFR2 in meammary glands
of 50-d-old rats with prepubertal genistein treatment: immunoblots
{top} and graph of densitometry measurements from these immuno-
blots. Densitometry values for controls were set to 100, Values are
means = SEM {n = 8). *Different from controls, P < 0.05.

in mammary glands of 50- but not 21-d-old rats. Notably, this
change in protein level at 50 d occured in the absence of the
original effector, genistein, and was present even though the
significant difference in the level of GTP-CHI no longer existed.
This is suggestive of a programming effect on protein expression,

C-fo.ntr Oi |

FIGURE7 Representative immunohistochemistry for GTP-CH1 in
mammary glands of 21-d-oid rats and tyrosine hydroxylase (TH) and
VEGFR2Z in mammary glands of 50-d-old rats. Note brown immuno-
staining for GTP-CH1, TH, and VEGFR2. These proteins were localized
to the epithelium {arrows).
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that is, a developmental modification with no observable effect
on the protein immediately after treatment or exposure but a
delayed manifestation in adult life (2). In light of this change, we
turned our attention to how downstream metabolic pathways and
signaling of tyrosine hydroxylase in the mature gland could be
involved in suppressing cancer in rats with only prepubertal
exposure to genistein.

Teunis et al. (29) examined the role of dopamine sensitivity in
tumor growth. They found that rats with high dopaminergic
activity had a reduction in tumor size compared with rats with
low dopaminergic reactivity. Associating elevated dopamine lev-
cls with suppressed mammary tumeorigenesis, they noted that the
angiogenic response to VEGF could be inhibited by administra-
tion of dopaminergic agonists. Basu et al. (30) reported that
dopamine acts through the dopamine 2 receptor to induce the
endocytosis of VEGFRZ and thereby inhibit or prevent VEGF
binding, receptor phosphorylation, and subsequent signaling
steps. They reported that immunohistochemical studies did not
ind tyrosine hydroxylase—positive nerves in tumors, and the
dopamine concentration in malignant tumors was significantly
reduced compared with concentrations in controls. Ferguson et
al. {31) reported that liferime exposure to genistein (500 uafg)
can potentiate dopamine levels in striata of amphetamine-ex-
posed animals. This demonstrates a lasting effect of genistein that
does not affect the baseline evels but allows for adjustments in
the face of certain perrurbations. In addition, researchers
found that genistein decreased both transcription and protein
levels of VEGF and that this decrease is involved in the loss of
angiogenesis (32,33). Hefelfinger et al. (34) demonstrated that
inhibition of VEGFR2 will prevent DMBA-induced mammary
mmors in rats.

Given a potential link among tyrosine hydroxylase, VEGER2,
and angiogenesis, we conducted analysis for the VEGFR2 protein.
The results showed a significant decrease in VEGFR2 expression
in the mammary glands of 50-d-old rats with only prepubertal
genistein treatment. These results complemented the finding that
tyrosine hydroxylase levels were elevated in the mammary glands
of 50-d-old raes with prepubertal genistein treatment. We spec-
ulated that upregulation of tyrosine hydroxylase results in dy-
namic upregulation of catecholamines, which, in turn, decrease
the VEGERZ levels, resulting in decreased ahility to promote
angiogenesis (Fig. 8). Ortega et al. (35) implicated VEGFRZ in
mediating cell profiferation; therefore, a decrease in VEGFR2
may decrease the overall proliferative potential of the marmary
gland. The absence of a demonstrable change in dopamine con-
centrations may mean that the concentration is dynamic or that
changes in concentration within the microenvironment may not

manifest in detectible or significant change in the larger sample
{whole mammary gland).

Having established possible mechanisms by which the di-
rect effects of genistein on GTP-CHI and the programming
effects of genistein on tyrosine hydroxylase could lead 1o
developmental changes in the mammary glands and alter
susceptibility to breast cancer, we deemed it important to
determine whether the observed effects resulted from actions
unique to genistein or were part of a breader estrogenic re-
sponse. To answer this question, we investigated how selected
proteins respond in animals exposed to estrogen or the other
major soy isoflavone, daidzein. Results from the present study
showed that prepubertal exposure to EB and daidzein did not
produce any significant changes for GTP-CHI, tyrosine hy-
droxylase, VEGFR2, or any of the other evaluated proteins in
the mammary glands of 21- and 50-d-old rats. This suggested
that genistein exhibits some selective effect independent of
estrogen action. The lack of significant changes brought about
by daidzein as compared with genistein supports the role of
these changes as unique potential mechanisms for genistein
chemoprevention.

Localization of the proteins of interest to the same cell type
may provide greater insight into the role of these proteins
within this model. Our IHC data indicate thac the proteins of
interest (GTP-CHI, tyrosine hydroxylase, and VEGER2) ap-
pear to be modulated in their expression only in the lining of
epithelial cells. This is imporrant because it is hypothesized
that the epithelial cell type may be the origination of tumor
cells. Because all 3 proteins are expressed in the same cell type
and THC confirmed that these changes were similar to those
observed for immunoblot analysis, this may indicare a para-
crine or an autocrine regulatory action. This colocalization
will deserve further examination as we explore the temporal
expression of these proteins in this model.

Although we were able to find several proteins determined
to be differentially regulated using 2-ID gel analysis, our con-
firmation attempts using immunoblots found that only one of
these proteins was significantly changed by genistein treat-
ment. This lack of cohesion between our 2-D gels and immu-
noblotting analysis may be because of stringent specificity of
site-directed antibodies andfor due to the low number of
samples used for the generation of the 21D gel data set. We
used n = 5 for the 2-D gels, but our confirmation was with
n = 8fgroup. Given that the sensitivity of the immunotech-
niques should be much greater than that of the staining
techniques, we recognize that we must increase the number of
samples in subsequent 2-D pel studies to decrease this false-
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positive rate. However, we recognize that a finite number of
samples can be reasonably assayed to produce quality data
without exhausting resources. Also, the use of t-tests and other
parametric procedures may not be appropriate mechanisms for
evaluating the 2-D gel data set; therefore, alternative testing
strategies may be needed for evaluating potential subtle
changes in expression. These evaluations may focus on general
changes of protein expression rather than specific changes
related to mean expression. For these reasons, we are still
interested in pursuing the other identified proteins.

In summary, data from this and previous work suggest that
early postnatal (prepubertal) exposure to genistein enhances cell
proliferation by upregulating GTP-CHI and the EGF-signaling
pathway and hence cell differentiation and gland maturation.
This unique developmental maruration leads to a new biochem-
ical blueprint, whereby the cells have reduced EGF-signaling and
VEGFR2, which renders the mature mammary gland less prolif-
erative and less susceptible to chemically induced mammary
cancer initiation, angiogenesis, and cancer progression. There-
fore, genistein acts through a diverse and coordinated effect of
signaling mechanisms and pathways that fikely account for the
cellutar changes responsible for its chemopreventive action.

Because cancer is often thought of as a disease of aging, we
have to understand and appreciate that the mammary gland
undergoes multiple stages of development. The use of animal
models allows us to foliow the changes within the gland o
determine how the actions of genistein may alter the morpho-
logical characteristics as well as to examine how these mor-
phelogical changes may work at the hiochemical Ievel wo yield
sustained changes that affect susceptibility. Two-dimensional
gel exploration looks at the most common and persistent
changes within the cellular populations. Knowledge pained
from these experiments provides more information on the
possible mechanisms of action of genistein that result in che-
maprevention. Specifically, this report is the first to identify
GTP-CH1 protein alterations in the mammary gland as well as
their potential regulation by genistein. Future work will ex-
amine other members of these signaling pathways more closely
and address the potential mechanisms mvolved.
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